In this study we investigate the gene regulatory functions of Drosophila Fish-hook (Fish), a high mobility group (HMG) Sox protein that is essential for embryonic segmentation. We show that the Fish HMG domain binds to the vertebrate Sox protein consensus DNA binding sites, AACAAT and AACAAAG, and that this binding induces an 85°DNA bend. In addition, we use a heterologous yeast system to show that the NH2-terminal portion of Fish protein can function as a transcriptional activator. Fish directly regulates the expression of the pair rule gene, even-skipped (eve), by binding to multiple sites located in downstream regulatory regions that direct formation of eve stripes 1, 4, 5, and 6. Fish may function along with the Drosophila POU domain proteins Pdm-1 and Pdm-2 to regulate eve transcription, as genetic interactions were detected between fish and pdm mutants. Finally, we determined that Fish protein is expressed in a dynamic pattern throughout embryogenesis, and is present in nuclear and cytoplasmic compartments.
Introduction
The Sox subfamily of high mobility group (HMG) domain proteins acts in several distinct capacities to regulate gene transcription. These proteins all contain a DNA binding HMG domain that shares strong sequence similarity to that of Sry, a mammalian protein essential for testis development and male sexual differentiation. Sry and Sox proteins can bind related DNA sequences and induce strong DNA bending (reviewed in Pevny and Lovell-Badge, 1997) . Like other HMG domain proteins (e.g. Giese et al., 1992 Giese et al., , 1995 , this DNA binding and bending capability provides chromatin architectural functions that facilitate assembly of higher order protein/DNA complexes. Sry and some, though not all, Sox proteins can also directly activate gene transcription (van de Wetering et al., 1993; Cohen et al., 1994; Dubin and Ostrer, 1994; Kamachi et al., 1995; Wotton et al., 1995; Yuan et al., 1995; Kuhlbrodt et al., 1998) , suggesting complex modes of action. Sry and several Sox genes, including Sox-4 and Sox-9, clearly have crucial developmental functions in controlling sex determination and the differentiation of bone, heart, and lymphocyte cells (Sinclair et al., 1990; Koopman et al., 1991; Foster et al., 1994; Wagner et al., 1994; Schillam et al., 1996) . However, the mechanisms through which Sox proteins regulate gene expression during specific developmental processes are only beginning to be elucidated. Indeed, for Sry and most Sox proteins, the identities of relevant downstream target genes are not yet established.
One opportunity to study the functions of a Sox gene in a well defined developmental pathway was provided by the identification of the Drosophila fish-hook/Dichaete Sox gene (Nambu and Nambu, 1996; Russell et al., 1996) . The fish-hook (fish) gene plays an important role in embryonic pattern formation and acts as a non-classical segmentation gene that functions downstream of the gap genes. fish mutant embryos exhibit severe defects in elaboration of several abdominal segments as well as stripe-specific defects in the expression of pair rule and segment polarity genes. fish mRNA is first detected in the trunk region of the syncitial blastoderm, a pattern which quickly bifurcates and resolves into a series of seven irregular stripes at cellularization. In these studies, the corresponding expression pattern of Fish protein was not determined. The HMG domain of Fish is most closely related to that of the vertebrate Sox-2 protein, as the two share 88% amino acid identity. While the developmental functions of Sox-2 are not yet defined, Sox-2 mRNA is strongly expressed in developing neural tissues (Uwanogho et al., 1995) . In addition, the Sox-2 HMG domain can directly associate with the POU domain of Oct-3 to activate transcription of the FGF-4 gene (Ambrosetti et al., 1997) . The high degree of sequence conservation between the HMG domains of Fish and Sox-2 strongly suggests these proteins have similar functional properties.
Fish plays an essential role in embryonic segmentation presumably through helping to ensure the proper expression pattern of other segmentation genes. One potential downstream target gene of Fish is the pair rule gene even-skipped (eve), as fish mutant embryos exhibit weakening and fusion of posterior eve stripes (Nambu and Nambu, 1996; Russell et al., 1996) . eve plays a key role in establishing segment borders (Nüsslein-Volhard et al., 1985) and analyses of eve gene regulation have revealed that determination of individual segments occurs via distinct regulatory pathways (reviewed in Pankratz and Jäckle, 1993) . In particular, regulatory elements located upstream of the eve coding region control expression of stripes 2, 3, and 7, and formation of eve stripe 2 has been shown to be governed by a complex regulatory network of a maternal morphogen and gap genes (reviewed in Pankratz and Jäckle, 1993) . While much less is known about the regulation of the other eve stripes, Goto and colleagues recently determined that a 7-kb region downstream of the eve coding region controls expression of stripes 1, 4, 5, and 6 (Sackerson, C., Fujioka, M., Goto, T., in preparation). Separable DNA elements were identified that drive formation of stripes 1 and 5, or stripes 4 and 6. Because several of these stripes are disrupted in fish mutants, Fish protein may directly regulate eve transcription through interactions with eve downstream regulatory regions.
In order to better understand the mechanisms through which Sox proteins regulate gene expression, we have begun to analyze the functional properties of Fish protein.
In this study we demonstrate that the Fish HMG domain can bind to the Sox consensus DNA binding sites, AACAAT and AACAAAG, and that this binding induces an 85°DNA bend. Through use of a heterologous yeast system, we show that the NH2-terminal region of Fish protein is capable of directly activating gene transcription. We also analyzed the role of Fish in regulating eve gene expression. Fish function is required for proper expression of P[eve-lacZ] transgenes containing eve downstream regulatory regions that drive expression of stripes 1, 4, 5, and 6, and the Fish HMG domain binds to multiple sites located in these regulatory regions. Fish may function along with POU domain proteins to regulate eve transcription, as we observed genetic interactions between fish mutants and a small deficiency which removes the linked pdm-1 and pdm-2 POU genes. In addition, there is a POU protein consensus binding site located near two Fish binding sites in the eve stripe 4, 6 element. Finally, we have defined the embryonic expression pattern of Fish protein. Consistent with a role in directly regulating eve expression, Fish protein is detected in the syncitial and cellular blastoderm in a pattern which closely resembles that of fish mRNA. Fish protein is later expressed strongly in cells of the developing neuroectoderm, as well as in several other prominent sites. Interestingly, during germ band extension Fish protein was present in both nuclear and cytoplasmic compartments, but was restricted to nuclei in later stage embryos. Taken together, these data indicate that the Fish protein can perform multiple gene regulatory functions that include DNA binding and bending, and transcriptional activation. The identification of eve as a direct downstream target gene of Fish is an important step in permitting the elucidation of the gene regulatory mechanisms used by Sox proteins to regulate a specific developmental process.
Results

DNA binding and bending properties of Fish
To define the DNA binding properties of Fish protein, we generated a Fish HMG domain polypeptide (see Section 4). The HMG domain of Sry and vertebrate Sox proteins can bind to AACAAT or AACAAAG consensus sequences (see Pevny and Lovell-Badge, 1997) . We therefore tested whether the purified Fish HMG domain (Fig. 1A) could bind to three different oligonucleotides containing defined Sox-2 and Sox-4 binding sites (see Section 4). Gel mobility shift assays indicated that the Fish HMG domain could bind to both AACAAT and AACAAAG sequences (Fig. 1B) , and that this binding was decreased by the presence of unlabeled specific competitor DNA. To further analyze the sequence specificity of this binding, we generated a probe with a mutated core Sox binding site (from Harley et al., 1992) . The Fish HMG domain protein did not bind this probe (Fig.  1B) , and this oligonucleotide did not compete for binding with the other three probes (data not shown). These data indicated that Fish is capable of sequence-specific DNA binding to Sox consensus sites.
Sry and Sox proteins induce DNA bending upon binding to target sites (see Pevny and Lovell-Badge, 1997) . As with other HMG domain proteins (e.g. Giese et al., 1992 Giese et al., , 1995 , this bending is likely to be important for permitting the interaction of otherwise unlinked regulatory complexes.
To define Fish DNA bending capabilities, we cloned an oligonucleotide containing an AACAAT Fish binding site into the plasmid vector, pBend2 (Kim et al., 1989 ; see Section 4) Three 150 bp DNA restriction fragments were generated that each contain the Fish binding site at a different relative position ( Fig. 2A) . All three DNA fragments exhibited a different electrophoretic mobility when bound by the Fish HMG domain (Fig. 2B) , indicating that Fish is capable of DNA bending. The DNA bend angle induced by Fish binding was determined to be 85°(see Section 4), a value similar to that reported for Sry and other Sox proteins (see Pevny and Lovell-Badge, 1997) . Taken together, these data suggest that Fish may carry out architectural functions to modulate chromatin structure.
Transcriptional activation capabilities of Fish
Sox proteins have been found to exhibit functional differences in their abilities to directly activate gene transcription. Thus, while Sox-4 and Sox-9 contain transcriptional activation domains (van de Wetering et al., 1993; Wotton et al., 1995; Sudbeck et al., 1996) , Sox-2 does not (Kamachi et al., 1995; Yuan et al., 1995) . In order to better understand how Fish functions to regulate gene expression, it is important to analyze its transcriptional activation capability. This is particularly significant, since the sequence homology between Fish and Sox-2 is restricted to the HMG domain. To address this issue, we utilized a heterologous yeast system. Several yeast expression constructs were generated which express all or parts of the Fish protein fused to the LexA DNA binding domain (see Section 4). These constructs were transformed into a yeast strain containing a lacZ reporter gene under control of eight multimerized LexA operator sites. The ability of the LexA/Fish fusion proteins to activate reporter gene transcription was monitored via X-gal staining of yeast colonies.
A fusion between the LexA DNA binding domain and full length Fish protein exhibited significant transcriptional activation properties (Table 1) , resulting in prominent X-gal staining of transformed yeast colonies. To determine which region of the Fish protein was acting as a transcriptional activator, we tested several fragments of Fish protein, including: the HMG domain (79 amino acids), the NH2 terminal region (141 amino acids), the COOH-terminal region (164 amino acids), as well as the NH2 + HMG and HMG + COOH regions. Of these, only the NH2-terminal region and the NH2 + HMG domain constructs were able to activate lacZ expression, localizing the transcriptional activation capabilities to the NH2-terminal 141 amino acids (Table 1) . None of the other constructs yielded any lacZ expression. Overall, the NH2-terminal region alone was the most potent activator, followed by full length Fish and the NH2 + HMG region. This difference suggests that the HMG and COOH-terminal regions may partially mask the transcriptional activation functions of the NH2-terminal region in this assay. Standard, molecular weight markers (BioRad); crude, whole protein extract from induced bacteria; purified, crude extract purified via Ni-NTA affinity chromatography. Note single band corresponding to Fish HMG domain. (B) Gel mobility shift assays were performed in the presence or absence of purified Fish HMG domain and 32 P-labeled oligonucleotide probes corresponding to the Sox-4 CD2E2 binding site (from Wotton et al., 1995) , the Sox-4 MWe-1 binding site (from van de Wetering et al., 1993) , the Sox-2 DC binding site (from Kamachi et al., 1995) , and a mutant MWe-1 sequence containing a mutant Sox consensus binding site (from Harley et al., 1992; van de Wetering et al., 1993) . Excess unlabeled CD2E2 or MWe-1 oligonucleotides, respectively, were used as specific competitor DNA. Note binding of Fish HMG domain to CD2E2, MWe-1, and DC probes that contain AACAAT or AACAAAG core sites. This binding can be competed by addition of specific competitor oligonucleotides. The Fish HMG domain does not bind the MWe-1 mutant probe containing a mutant core Sox binding site.
The transcriptional activation capabilities of Fish were also assayed via the ability of the same fusion proteins to activate expression of a Leu2 gene under control of six multimerized LexA operator sites (see Section 4). The transformant strains, which were all leucine auxotrophs, were separately plated on medium in the presence or absence of leucine. An estimated 2000 colony forming units were plated for each transformant strain and all strains exhibited full growth on medium containing leucine. However, when the same cell densities were plated on medium lacking leucine, growth was only detected for the strain expressing the LexA/Fish NH2 fusion protein, with approximately 1500 colonies detected (Table 1) . This result further indicates that the Fish NH2-terminal region can function as a strong transcriptional activator. The inability of the LexA/full length Fish or LexA/Fish NH2 + HMG strains to grow under selective conditions, even though they were able to activate LacZ transcription, likely reflects the lower sensitivity of Leu2 gene expression assay, due to the reduced number of LexA operator sites controlling the Leu2 gene.
fish is required for proper expression of eve stripe specific regulatory regions
The fish gene was previously shown to be required for proper resolution of eve stripes 4-6 (Nambu and Nambu, 1996; Russell et al., 1996) . Recently, Goto and colleagues determined that a 7 kb region of genomic DNA downstream of the eve coding region contains regulatory elements that can drive expression of stripes 1 and 4-6 (Sackerson, C., Fujioka, M., Goto, T., in preparation; Fig. 3 ). In order to elucidate the function of Fish in regulating eve transcription, we examined the expression of a P[1.5-8.4 eve-lacZ] trans- (Kim et al., 1989) . (B) Gel mobility shift assays of these DNA fragments incubated with purified Fish HMG domain. Note different mobilities induced by Fish binding to the three equal length probes, indicating DNA bending. Bend angle was calculated to be 85°(see Section 4). Fish protein functions as a transcriptional activator in a heterologous yeast system. Several constructs encoding fusions between the LexA DNA binding domain and various regions of the Fish protein were tested for their ability to induce transcriptional activation of a lacZ reporter gene under control of 8 LexA operators, or a Leu2 target gene under control of 6 LexA operators. X-gal staining indicated that only fusion proteins containing the NH2-terminal region of Fish were capable of activating transcription of the lacZ gene. Highest levels of activation were detected with the LexA/Fish NH2 protein (+ corresponds to the relative level of staining observed after incubation of yeast colonies with X-gal for 1 day at 30°C). No activation was detected for constructs lacking the NH2-terminal region. A positive control strain expressing a LexA/Gal4 activation domain fusion protein and a negative control strain expressing a LexA/Bicoid homeodomain fusion protein were also tested and yielded either strong (+++) or no Xgal staining, respectively. In the Leu2 gene activation assay, each transformant strain was plated on medium containing leucine at a density of approximately 2000 colonies per plate. When plated at the same density on medium lacking leucine, approximately 1500 colonies of the LexA/Fish NH2 transformant strain were detected; no colonies were detected for any other transformant strain. Growth was assayed after a 3 day incubation at 30°C.
gene (Sackerson, C., Fujioka, M., Goto, T., in preparation) in wild type and fish 87 null mutant embryos (Nambu and Nambu, 1996) . In wild type stage 5 embryos, b-gal transcripts were detected strongly in stripes 1, 4, and 6, and weakly in stripe 5 (Fig. 4A ). In stage 5 fish 87 mutant embryos there was variable weakening of stripes 4, 5, or 6 (Fig. 4B) . Although one or more of these stripes was altered in all fish mutant embryos, an individual mutant embryo generally did not exhibit defects in all three eve stripes. Generally, stripes 5 and 6 were more affected than stripe 4 while stripe 1 was never affected. Staining of these embryos for endogenous eve expression also indicated defects in stripes 4-6, although stripe 4 generally exhibited stronger disruptions than stripes 5 and 6. The basis for this discrepancy is uncertain, as the eve-lacZ transgene contains native eve promoter sequences, and the eve regulatory region is located downstream of the lacZ coding region to mimic the organization found in the native eve gene (see Section 4). One possibility is that the requirement for fish function may depend upon the presence of flanking sequences not contained in the transgene, or specific constraints on the spacing between downstream regulatory elements and the promoter. Further analysis was performed using a P[4.8-12.0 eve-lacZ] transgene that also directs bgal expression in stripes 1, 4, 5 and 6, but contains a distinct yet overlapping fragment of eve downstream regulatory region ( Fig. 3 ; Sackerson, C., Fujioka, M., Goto, T., in preparation). In a wild type background, the P[4.8-12.0 eve- lacZ] drives b-gal expression that is stronger in stripe 5 than in stripes 4 and 6 (Fig. 4C) . In a fish 87 mutant background, the expression of b-gal in stripes 4-6 was disrupted (Fig.  4D ) in a manner similar to that observed using the P[1.5-8.4 eve-lacZ] transgene. Taken together, these results suggest that Fish may directly regulate eve transcription through interactions with downstream regulatory regions.
Multiple Fish binding sites are present in the eve stripe 4-6 regulatory region
To identify potential Fish DNA binding sites in eve regulatory regions, we searched the sequence of the 9.2 kb region of eve genomic DNA that includes the eve coding region as well as 7 kb of downstream DNA ( Fig. 3 ; Sackerson, C., Fujioka, M., Goto, T., in preparation; M. Fujioka, T Goto, J. Jaynes, unpublished data). Nine perfect consensus binding sites were identified; seven with the AACAAT motif and two with the AACAAAG motif. Significantly, five of these sites are located within a 3.6 kb interval that is sufficient for driving expression of 1, 4, 5 and 6 ( Fig. 3 ; Sackerson, C., Fujioka, M., Goto, T., in preparation). This interval can be subdivided into two separate elements, one sufficient for stripes 1 and 5 expression and another sufficient for stripes 4 and 6 expression ( Fig. 3 ; Sackerson, C., Fujioka, M., Goto, T., in preparation). Three of the potential Fish binding sites map in the stripe 4, 6 element and two map in the stripe 1, 5 element. Of the four other potential Fish binding sites, one is located between the eve coding region and stripe 1, 4-6 regulatory region, while the other three are clustered just downstream of the stripe 1, 5 element.
We initially tested whether Fish can bind to these sites in the downstream eve regulatory region by gel mobility shift assays using the purified Fish HMG domain and two eve genomic DNA restriction fragments. The first was a 70 bp EcoRI/EcoRI fragment (+4.96 to +5.03 kb) derived from the stripe 4, 6 element ( Fig. 3) . This fragment does not contain a consensus Fish binding site and was not bound by the Fish HMG domain (Fig. 5) . The second was a 480 bp EcoRI/ EcoRI fragment (+7.32 to +7.80 kb) located within the stripe 1, 5 element (Fig. 3) . This fragment contains one AACAAT and one AACAAAG consensus Fish binding site and was strongly bound by the Fish HMG domain (Fig. 5) . To determine whether Fish bound specifically to both consensus sites present in the 480 bp fragment, further experiments were performed. First, two additional DNA fragments derived from the 480 bp fragment were generated via PCR (see Section 4). The first, a 445 bp fragment, corresponded to +7.355 to +7.790 kb and contains only the AACAAT site. The second, a 308 bp fragment, corresponded to +7.482 to +7.790 kb, an interval between and not including the two potential Fish binding sites. Gel mobility shift assays with the Fish HMG domain indicated that the 445 bp fragment was bound while the 308 bp fragment was not (Fig. 5) . This indicated that a region from the 480 bp fragment containing only the AACAAT sequence could be bound by the Fish HMG domain, but an overlapping fragment lacking the AACAAT and AACAAAG sequences could not be bound. To test whether the Fish HMG domain could bind both potential binding sites in the 480 bp fragment, we generated two 29 base pair oligonucleotides, eve-AT and eve-AG corresponding to eve genomic DNA sequences including and flanking these two sites. The Fish HMG domain protein bound to both probes, indicating that it recognized both the AACAAT and AACAAAG sequences in the context of the eve regulatory region (Fig.  5) . Taken together, these data strongly suggest that Fish regulates eve expression by directly binding to multiple sites within the eve downstream regulatory region that controls stripe 4-6 expression.
Genetic interactions between fish and pdm mutants
The HMG domains of Fish and Sox-2 are 88% identical, suggesting these proteins share conserved functions. Sox-2 and the Oct-3 protein can directly interact through their HMG and POU domains respectively, to form a complex which synergistically activates transcription of the FGF-4 gene (Ambrosetti et al., 1997) . In Drosophila, four POU genes have been identified, including pdm-1/nubbin, pdm-2/miti-mere, drifter/ventral veins lacking, and I-Pou/acj-6 (Billin et al., 1991; Dick et al., 1991; Lloyd and Sakonju, 1991; Treacy et al., 1991; Anderson et al., 1995) . In the blastoderm embryo, pdm-1 and pdm-2 are both expressed in wide posterior bands of cells that are completely contained within the fish expression domain (see Billin et al., Fig. 5 . Gel mobility shift of 32 P-labeled eve genomic DNA sequences and purified Fish HMG domain. The various lanes contain different labeled probes derived from eve genomic DNA sequences in the presence or absence of purified Fish HMG domain. Note that the Fish HMG domain is able to bind to the eve 480 probe which contains AACAAT and AACAAAG Fish consensus binding sites, but does not bind the eve 70 probe which does not contain a consensus Fish binding site. The Fish HMG domain also binds to the eve 445 probe which contains only the AACAAT consensus site while it does not bind the overlapping 308 probe which does not contain either consensus site. The Fish HMG domain can bind to both the AACAAT and AACAAAG site within the 480 bp region, as shown via binding to 29 base pair eve-AT and eve-AG oligonucleotide probes.
1991; Dick et al., 1991; Lloyd and Sakonju, 1991; Nambu and Nambu, 1996; Russell et al., 1996) . Although the potential roles of pdm-1 or pdm-2 in embryonic segmentation have not been well characterized, ectopic expression of a dominant negative version of the Pdm-2 protein results in loss of A2 and A6 denticle belts (Bhat and Schedl, 1994) .
We analyzed potential genetic interactions between fish 87 mutants and a small deficiency, Df(2L)GR4, which removes both pdm-1 and pdm-2 (Yeo et al., 1995) . This was accomplished by comparing eve expression in each single mutant, and a Df(2L)GR4;fish 87 double mutant strain. Stage 5 fish 87 mutant embryos exhibit variable disruption of posterior eve stripes ( Fig. 6A,B ; Nambu and Nambu, 1996; Russell et al., 1996) . In contrast, most of the stage 5 Df(2L)GR4 embryos exhibited normal eve expression, although some exhibited partial fusion between eve stripes 4, 5 and 6 (Fig. 6C) . Some of the Df(2L)GR4;fish 87 double mutant embryos exhibited more severe defects in elaboration of eve stripes 3-7. This included a complete loss of eve stripe 5, and fusions between stripes 3 and 4 as well as stripes 6 and 7 (Fig.  6D ). This pattern of defects was never observed in either the fish 87 or Df(2L)GR4 mutant embryos. The results revealed a synergistic effect of the loss of both fish and pdm gene functions, suggesting potential interactions between these genes in eve gene regulation. A survey of the downstream eve regulatory region revealed the presence of a perfect ATGCAAAT consensus binding site for Octamer POU domain proteins (Singh et al., 1986) in the eve stripe 4, 6 element (Fig. 3) . The Pdm-2 protein can bind this sequence (Prakash et al., 1992) , and the Pdm-1 protein binds to a very closely related sequence, ATTCAAAT (Kitamoto and Salvaterra, 1995) . This consensus Pdm binding site is flanked by two Fish AACAAT binding sites, one located approximately 300 bp upstream and another approximately 170 bp downstream (Fig. 3) .
Fish protein expression pattern
Given the dynamic pattern of fish mRNA transcripts detected during early embryogenesis (Nambu and Nambu, 1996; Russell et al., 1996) , we wished to determine the corresponding expression pattern of Fish protein. We thus generated an antiserum directed against a COOH-terminal 164 amino acid fragment of Fish that lacks the HMG domain (see Section 4). Anti-Fish immunostaining of wild type embryos indicated that Fish protein is first detected in nuclear cycle 12 embryos. At this time Fish is present in a wide band that encompasses most of the trunk domain (Fig.  7A) , from eve stripes 2-7 (data not shown). This pattern is consistent with a direct role for Fish protein in the resolution of posterior eve stripes. During cellularization, the band of Fish protein bifurcates and expression was also detected in the cephalic neuroectoderm (Fig. 7B ). This pattern of Fish protein quickly resolves into a series of irregular stripes and a dorsal saddle of cells during cellularization.
During germ band extension the stripes of Fish protein were replaced by broad Fish expression in the developing cephalic and ventral neurogenic ectoderm, as exemplified by a stage 10 embryo shown in Fig. 7C . Fish protein also became expressed in the developing hindgut from about stage 10 onwards. As neurogenesis continued, Fish continued to be broadly expressed in the developing CNS (Fig.  7D,E) . During later stages of germ band retraction, Fish expression in the nervous system became much more restricted: it was present in a subset of cells in the brain, in small lateral clusters of cells in the thoracic ganglia, and in a single bilaterally paired cell in each of the abdominal ganglia (Fig. 7F,G) . In abdominal ganglia A8 and A9, Fish expression was also detected in small clusters of CNS midline cells. Fish protein continued to be expressed strongly in the hindgut and in a series of ventral epidermal stripes (Fig.  7F,G) . In stage 16 embryos Fish protein was also detected in chordotonal neurons of the peripheral nervous system (PNS), as well as in a small set of ventral muscle fiber nuclei (Fig. 7H) . In addition to the complex spatial pattern of Fish expression, Fish protein also exhibited a dynamic pattern of subcellular localization. In germ band extending embryos Fish was distributed approximately equally in both nuclear and cytoplasmic compartments of neuroectodermal cells (Fig. 8A,B) . However, in germ band retracted embryos, Fish was restricted to the nuclei of CNS, PNS, hindgut, and muscle cells (Fig. 8C) . Taken together, these data suggest Fish protein may function in the differentiation of several tissues and also may undergo regulated nuclear translocation.
Discussion
Gene regulatory functions of the Fish Sox protein
Sry and other Sox proteins play crucial roles in a number of developmental processes, including human sex determination and skeletal formation (Sinclair et al., 1990; Foster et al., 1994; Wagner et al., 1994 ). An important goal in deciphering the functions of Sox proteins lies in characterizing the mechanisms through which they regulate expression of downstream target genes. These mechanisms, as well as the identities of target genes, are only beginning to be defined. We and others previously determined that Fish, a novel Drosophila Sox protein, plays a key role in embryonic segmentation and regulates the expression of other segmentation genes (Nambu and Nambu, 1996; Russell et al., 1996) . In this study we show that the Fish HMG domain binds DNA in a sequence specific manner and induces strong DNA bending. In addition, the NH2-terminal region of Fish protein is capable of strongly stimulating transcription activation. The HMG and COOH-terminal portions of the protein were able to partially repress the activation activity of the NH2-terminal region, suggesting that in vivo, the transcriptional activation properties of Fish protein may be regulated by changes in protein conformation. Taken together, these data on Fish protein functions suggest that Fish may act in multiple capacities to regulate gene transcription, acting both as a chromatin architectural protein and a direct transcriptional activator.
We have determined that the pair rule gene eve is a direct downstream target gene of Fish and thus identified a well defined system in which to study the developmental functions of a Sox gene. Fish activity is required for normal eve expression, and the Fish HMG domain binds to multiple sites located within the eve downstream regulatory region that drives expression of stripes 1, 4, 5 and 6. As Fish DNA binding induces an 85°bend, the presence of numerous Fish binding sites in eve downstream regulatory regions suggest that chromatin in this interval may be highly contorted. One attractive hypothesis is that the DNA bending properties of Fish could enhance or stabilize interactions between regulatory complexes present at distant downstream eve regulatory regions and upstream regulatory complexes including those at the eve promoter. These potential long range chromatin effects of Fish would differ from the more local effects on promoter activity determined for HMG domain proteins in other systems (e.g. Giese et al., 1992 Giese et al., , 1995 Kamachi et al., 1995; Yuan et al., 1995; Ambrosetti et al., 1997) . In this regard, the variability in fish mutant phenotypes might be due to stochastic successful interactions between widely separated regulatory complexes that occur less efficiently in the absence of Fish function. Alternately, the phenotypic variability could also be due to the presence of related Drosophila Sox proteins that have overlapping functions during segmentation. In any event, because fish mutants exhibit defects in both activation and repression of eve gene expression (Nambu and Nambu, 1996; Russell et al., 1996) , one potential function of Fish may be to modulate the functions of other tissue-specific transcriptional regulators in a target gene specific fashion. In this regard, another HMG domain protein, DSP-1, is capable of regulating the activator or repressor functions of the Drosophila dorsal transcription factor (Lehming et al., 1994) .
In vertebrates, both Sox-2 and Sox-10 have been shown to interact with POU domain proteins to induce transcription of a reporter construct containing closely linked Sox and POU consensus binding sites, and for Sox-2 and Oct-3, direct physical association was detected between the HMG and POU domains (Yuan et al., 1995; Ambrosetti et al., 1997; Kuhlbrodt et al., 1998) . Given the high homology between the HMG domains of Fish and Sox-2, it is likely that Fish may also interact with POU proteins. Consistent with this possibility, we have identified genetic interactions between fish and the Drosophila POU genes, pdm-1 and pdm-2, in the regulation of eve gene transcription, suggesting evolutionarily conserved functional interactions between Sox and POU proteins. However, it is also possible that Sox proteins may act as more general modulators of transcription factor activities. Thus, transcriptional synergy was also noted between Sox-10 and the paired domain protein Pax3, while transcriptional repression was observed in interactions between Sox-10 and the zinc finger protein Krox-20 (Kuhlbrodt et al., 1998) . Interestingly, in the studies on Sox-2 and Sox-10, the DNA binding sites for Sox and the other transcription factors were closely linked, and for Sox-2 and Oct-3, this close spacing was shown to be crucial for transcriptional synergy (Ambrosetti et al., 1997) . Because the Fish and potential Pdm binding sites present in the eve stripe 4, 6 regulatory element are more widely separated, Fish and Pdm proteins may not directly associate. It will ultimately be of interest to determine whether there may exist multiple mechanisms through which Sox and Oct proteins interact to regulate gene transcription.
Expression pattern of Fish protein
Consistent with a direct role in regulating eve transcription, Fish protein was shown to be expressed in the trunk region of syncitial blastoderm embryos, during the period when eve stripes are resolving. The timing of this expression suggests that, as previously discussed (Nambu and Nambu, 1996; Russell et al., 1996) , Fish likely acts to facilitate the elaboration of individual posterior eve stripes. Previous studies also indicated that fish mutants exhibit severe defects in nervous system development that included loss of specific engrailed-expressing cells in the ventral nerve cord (Nambu and Nambu, 1996) . Consistent with a role in CNS development, Fish protein was also shown to exhibit strong neuroectodermal expression in the developing brain, nerve cord, and peripheral sensory organs. Interestingly, Sox-2 also exhibits strong expression in the developing vertebrate neuroepithelium (Uwanogho et al., 1995) , suggesting that these genes may share conserved functions in neural development. It was also determined that Fish protein exhibits a distinctive pattern of subcellular localization, as in germ band extending embryos Fish is detected both in nuclear and cytoplasmic compartments, while in later embryonic stages Fish protein was strictly nuclear. This finding suggests that the subcellular localization of Fish may be regulated by cellular differentiation processes. Interestingly, Sox-9 protein is also detected in the cytoplasm and nucleus of developing mammalian genital ridge cells prior to 11.5 days post-coitum, while after this period it is strictly nuclear (Morais da Silva et al., 1996) . It will be of interest to determine whether nuclear and cytoplasmic localization of Sox proteins is generally observed in cells that are not fully differentiated.
The subcellular localization of Fish protein could also be regulated by discrete signaling events. In this regard, there are changes in the subcellular localization of the HMG domain proteins HMG-1 and HMG-2 that may be cell cycle dependent (Einck and Bustin, 1985; Bustin et al., 1990; Landsman and Bustin, 1993) . Additionally, the Drosophila segment polarity gene, pangolin/dTCF, encodes an HMG domain protein that acts as a downstream nuclear effector of the Wingless signaling pathway, and mediates nuclear translocation of Armadillo (Brunner et al., 1997; van de Wetering et al., 1997) . While there is not yet any data to suggest that Fish acts in a similar manner, important functions for cell-cell signaling in the regulation of pair rule gene (including eve) expression have previously been indicated by studies on Drosophila components of the JAK/ STAT pathway, including the hopscotch and D-STAT/marelle genes (Binari and Perrimon, 1994; Hou et al., 1996; Yan et al., 1996) , as well as the identification of the pair rule gene odd Oz, which encodes a Tenascin-related protein (Baumgartner et al., 1994; Levine et al., 1994) . Another possibility is that Fish, and Sox-9, may also carry out cytoplasmic functions, perhaps to regulate mRNA translation or localization. In this regard, one HMG domain protein, the Drosophila single-strand recognition protein, DssRP, has been shown to bind RNA homopolymers, with strong binding to poly(G) and weak binding to poly(U) (Hsu et al., 1993) . While there is as yet no data that Sry or Sox proteins bind RNA, Sry can bind to non-B-form DNAs such as fourway junctions (Ferrari et al., 1992) , and a number of HMG domain proteins, including HMG-1 and HMG-2, bind strongly to single stranded DNA (see Einck and Bustin, 1985) .
Experimental procedures
Isolation of Fish HMG domain and COOH-terminal polypeptides
A DNA fragment encoding the entire Fish HMG domain was obtained by polymerase chain reaction (PCR) using a fish full length cDNA clone as a template for the following oligonucleotides: 5′-GGTCACATCAAGCGTCCAATG-AACG-3′ and 5′-TGGGTTGGGCTTGCGGCGTGGC-3′. The amplification product was purified via agarose gel electrophoresis and ligated into the SmaI site of pQE-32 (Qiagen) to generate an in-frame fusion with a 6× Histidine tag. For the Fish COOH-terminal polypeptide, a DNA fragment encoding the COOH-terminal 164 amino acids was generated using the same fish cDNA template and the following two oligonucleotides: 5′-AACCCACTGACCGCTGGAC-CCCAGG-3′ and 5′-CTAATAGAGCACCGGAACCGGT-CGC-3′. The resulting PCR product was also purified and ligated into the SmaI site of the pQE-32 vector.
The Fish expression constructs were transformed into E. coli strain M15 (Qiagen) and cultures were induced to express fusion proteins via IPTG. Bacteria were sonicated and the debris pelleted. The supernatant was applied to an equilibrated Ni-NTA resin column (Pharmacia) and the fusion protein eluted with an imidazole buffer according to the manufacturer's instructions.
Gel mobility shift assays
DNA fragments were end-labeled by T4 polynucleotide kinase and [g-32 P]ATP and were either gel purified or precipitated with ethanol. DNA binding reactions were carried out in a final volume of 20 ml, containing 1 mg/ml poly(dIdC), 2.5 mM MgCl 2 , 40 M KCl, 5 mM HEPES, pH 7.9, 0.02 mM EDTA, 5% glycerol, and 0.1% Nonidet P40. Purified Fish HMG domain (0.1 mg) was incubated with 1 ng of labeled probe at 25°C for 20 min. The products were electrophoresed through 6% acrylamide in 0.5× TBE. For competition experiments, a 50-100× molar excess of unlabeled competitor DNA was used.
Three sets of complementary oligonucleotides corresponding to Sox consensus DNA binding sites were synthesized and annealed in 1× kinase buffer (Promega). The sequences of the upper strand of each pair are shown below: CD2E2: 5′-GATCTGATCCGTTAGAGTTCTA-AAACAATAGGTGA-3′ -the Sox-4 binding site identified in the T-cell receptor gene (Wotton et al., 1995) , DC: 5′-GATCTCATGGTAGGTGAGCAACAACAATGAATAT-TT-3′ -derived from the Sox-2 binding site identified in the g1-crystallin gene (Kamachi, et al., 1995) , MWe-1: 5′-GGGAGACTGAGAACAAAGCGCTCTCACAC-3′ -the Sox-4 binding site identified in the CD4 gene (van de Wetering et al., 1993) , and MWe-1 mutant: 5′-GGGAGACT-GAGCCGCGGTCGCTCTCACAC-3′ -the MWe-1 oligonucleotide containing a mutated Sry/Sox DNA binding site van de Wetering et al., 1993) .
Four different eve genomic DNA fragments were utilized as probes for gel shift assays. Two of these corresponded to restriction fragments derived from eve downstream regulatory regions; a 70 bp EcoRI/EcoRI fragment located at +4.96 to +5.03 kb that did not contain a Fish consensus binding site, and a 480 bp EcoRI/EcoRI fragment located at +7.32 to +7.80 kb in the stripe 4, 6 region that contained two Fish consensus binding sites. Both fragments were endlabeled with 32 P, incubated with purified Fish HMG domain, and analyzed as described above. The other two eve genomic DNÁ fragments were generated via PCR using eve genomic DNA clones as a template. One fragment, eve 445, corresponded to +7.355 to +7.790 kb and contained the AACAAT but not the AACAAAG site. It was generated using the following oligonucleotide primers: 5′-GAATTC-CGCATCCCATGGAT-3′ and 5′-TCCAGCAGTTACGC-GGAAGT-3′. The second fragment, eve 308, corresponded to +7.482 to +7.790 kb and did not contain either Fish consensus binding site. It was generated using these oligonucleotide primers: 5′-GGGCCAAGTTTTTCTTCT-GC-3′, 5′-TCCAGCAGTTACGCGGAAGT-3′.
The PCR products were purified on agarose gels, endlabeled with 32 P, incubated with purified Fish HMG domain, and analyzed as described above.
Two double stranded DNA fragments, eve-AT and eve-AG were generated from oligonucleotides corresponding to eve genomic DNA sequences containing and flanking each Fish DNA binding site in the stripe 4, 6 element. The annealed oligonucleotides were end-labeled with 32 P, incubated with purified Fish HMG domain, and analyzed as described above. The sequences for one strand of each DNA fragment are as follows: eve-AT = 5′-CTAGCTGC-AGTGGCCCAAACAATGCAGCGA-3′, eve-AG = 5′-CT-AGCTGGACAACAAAGACAAAACTGCAG-3′.
DNA bending assay
DNA bending was analyzed by cloning the eve-AT DNA fragment into the Xbal site of pBend2 (Kim et al., 1989) . This construct was digested with EcoRV, BamHI, or XhoI to generate three 150 base pair DNA fragments that contain the eve-AT sequence at either a middle (EcoRV), intermediate (XhoI), or end (BamHI) position. These DNA fragments were purified, end-labeled, and analyzed via gel mobility shifts as described above. The DNA bending angle was calculated according to the equation described in Kim et al. (1989) :
where m m is the mobility of the complex with the protein bound at the center of the DNA fragment, m e is the mobility of the complex with protein bound at the end of the fragment, L is the length of DNA fragment, and a is the bend angle.
Transcriptional activation assays
DNA fragments encoding the following variants of Fish protein were generated via PCR: full length Fish (382 amino acids); NH2-terminal region (141 amino acids from Met1 to His141); HMG domain (79 amino acids from Ile142 to Pro220); COOH terminal region (164 amino acids from Asn219 to Tyr382); NH2-terminal and HMG domain; HMG domain and COOH-terminal region.
For generating these constructs the following oligonucleotides were used: NH2 start: 5′-AGAGAATTCATGG-CCACCTTATCGACACACCCC-3′, NH2 end: 5′-GGGC-TCGAGTCACTAGTGACCCTCTTGTCCCGG-3', HMG start: 5′-CGCGAATTCATCAAGCGTCCAATGAACG-CG-3′, HMG end: 5′-GGGGCTCGAGTCATCATGGG-TTCTTGGGCTTGCGGC-3′, COOH start: 5′-GCGGAA-TTCAACCCACTGACCGCTGGACCC-3′, COOH end: 5′-GGGGCTCGAGTCAACTCTAATAGAGCACCGGA-AC-3′.
These PCR products were digested with EcoRI and XhoI and cloned in frame with sequences encoding the LexA DNA binding domain in the yeast expression plasmid, pEG-202 (from the DupLex-A yeast two-hybrid system, Origene Technologies). To analyze the transcriptional activation capabilities of these constructs, they were transformed into a derivative of the yeast strain EGY48 (Mat ∝ trpl his3 ura3 leu2::6 lexAop-LEU2) that also carried the pSH18-34 plasmid containing the lacZ reporter gene under control of eight multimerized LexA operators. Transformant yeast were incubated for 3 days at 30°C under selective conditions, after which the plates were overlaid with Xgal/agarose as described by Duttweiler (1996) . The plates were then allowed to incubate for 1 additional day at 30°C. A positive control plasmid, pSH17-4, encoding a LexA/Gal4 fusion protein (LexA DNA binding domain + Gal4 transcriptional activation domain), and a negative control plasmid, pRHFM1, encoding a LexA/Bicoid fusion protein (LexA DNA binding domain + Bicoid homeodomain) were used and behaved appropriately. Approximately 2000 colonies for each transformant yeast strain were also plated on medium containing leucine as well as on medium lacking leucine to detect autoactivation of the chromosomally integrated Leu2 target gene. Growth was assayed after a 3-day incubation at 30°C.
Generation of anti-Fish serum
To generate a Fish antiserum, the affinity purified Fish COOH-terminal polypeptide (a fusion between the COOHterminal 164 amino acids of Fish protein and a 6× Histidine tag; see Section 4.1) was subjected to sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and the band corresponding to the purified protein was cut out of the gel.
Purified protein (100 mg) in a macerated polyacrylamide slice was injected with an equal volume of Freund's complete adjuvant to immunize rabbits. Two subsequent boosts were performed at 4-week intervals using 100 mg of protein and Freund's incomplete adjuvant. Sera was then collected and several dilutions were tested for immunoreactivity on fixed embryos.
Immunocytochemistry and in situ hybridization
Immunocytochemistry was performed essentially as described in Patel (1994) using a PEMS/formaldehyde fixative. Anti-Fish serum was incubated with wild type embryos at a 1:1000 dilution. Visualization of immune complexes was performed using reagents from a Vectastain horseradish peroxidase labeling kit (Vector Labs), and diamobenzidine/ hydrogen peroxide reactions. Stained embryos were dehydrated in ethanol and mounted in methyl salicylate.
For fluorescence double labeling, embryos were stained with anti-Fish serum and a fluorescein isothiocyanate (FITC)-conjugated secondary antibody. Embryos were mounted in Vectashield/propidium iodide mounting medium (Vector Labs) to visualize nuclei. Confocal microscopy was performed using a Nikon Diaphot 200 attached to a Bio-Rad MRC600 confocal imaging system equipped with a krypton/argon laser. High laser settings were used for image collection, which was assisted by Kalman averaging. Double fluorescence images were collected simultaneously, merged using COMOS software, and converted to Adobe Photoshop format.
For in situ hybridizations, embryos were hybridized to digoxygenin-labeled cRNA probes derived from an eve cDNA clone (kindly provided by Tony Ip) and a b-gal subclone. The preparation of the probe and hybridization protocol were performed as described by Lehman and Tautz (1994) . Detection of hybrids was performed using alkalinephosphatase conjugated anti-digoxygenin and NBT/Xphosphate (Boehringer Mannheim). The stained embryos were mounted in 80% glycerol.
Fly strains
The fish 87 null mutant is a P element excision strain (Nambu and Nambu, 1996) that does not express detectable levels of Fish protein. The Df(2L)GR4 strain (kindly provided by William Chia) is a small deficiency that removes both pdm-1 and pdm-2 (Yeo et al., 1995) . The P[1.5-8.4 eve-lacZ] and P[4.8-12.0 eve-lacZ] strains contain transgenes based on the pCaSpeR3 P element vector (Thummel et al., 1988) in which 0.9 kb of the eve promoter and translational initiator AUG is fused in frame to lacZ. Sequences from +1.5 to +8.4 kb or +4.8 to +12.0 kb, respectively, were then cloned downstream of lacZ, reproducing their location and orientation within the eve locus (Sackerson, C., Fujioka, M., Goto, T., in preparation).
